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Abstract. We review a microscopic model of the nuclear parton distribution functions,
which accounts for a number of nuclear effects including Fermi motion and nuclear bind-
ing, nuclear meson-exchange currents, off-shell corrections to bound nucleon distribu-
tions and nuclear shadowing. We also discuss applications of this model to a number of
processes including lepton-nucleus deep inelastic scattering, proton-nucleus Drell-Yan
lepton pair production at Fermilab, as well as W± and Z0 boson production in proton-lead
collisions at the LHC.
1 Introduction
The QCD factorization theorem [1] suggests that the parton distribution functions (PDFs) are universal
process-independent characteristics of the target at high invariant momentum transfer Q. PDFs deter-
mine the leading contributions to the cross sections of various hard processes involving leptons and
hadrons. PDFs cannot be reliably calculated in modern QCD, as they are driven by non-perturbative
strong interactions, and QCD-based phenomenology remains to be the primary source of information
on PDFs.
The deep-inelastic scattering (DIS) experiments with nuclear targets show significant nuclear ef-
fects with a rate that is more than one order of magnitude larger than the ratio of the nuclear binding
energy to the nucleon mass (for a review see [2, 3]). These observations rule out the naive picture of
the nucleus as a system of quasi-free nucleons and indicate that the nuclear environment plays an im-
portant role even at energies and momenta much higher than those involved in typical nuclear ground
state processes.
The studies of the mechanisms responsible for observed effects provide a link between particle
and nuclear physics and help to better understand both the intrinsic properties of the proton as well as
the properties of hadrons in nuclear environment. A typical example in this context is the extraction
of the d-quark PDF from the global fits involving the proton and the deuteron data. This procedure re-
quires, in turn, a detailed knowledge of nuclear effects in order to control the corresponding systematic
uncertainties.
A number of studies are available [4–6], in which the nuclear parton distributions (NPDFs) are
extracted from global fits to nuclear high-energy data using the empirical parameterizations of nuclear
correction factors for each PDF. Typically these studies involve a large number of free parameters and
can be biased by the chosen parameterizations of the Bjorken x as well as the nuclear mass number A
dependencies of nuclear correction factors. In this paper we follow a different approach and address
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the NPDFs using the microscopic model developed in Ref.[7]. The model incorporates a number of
nuclear corrections including the smearing with the energy-momentum distribution of bound nucleons
(Fermi motion and binding), the off-shell correction to bound nucleon structure functions, corrections
from nuclear meson exchange currents (MEC) and the propagation of the hadronic component of
the virtual intermediate boson in the nuclear environment. In Ref.[8] this approach was applied to
compute individual NPDFs. In Sec.2 we briefly review the approach in context of nuclear DIS. The
applications to the nuclear Drell-Yan (DY) reaction in the context of the measurement of nuclear anti-
quark distributions in Fermilab E772 experiment is discussed in Sec.3. In Sec.4 we review application
of this approach to study the W and Z boson production in p+Pb collisions at LHC.
2 Nuclear DIS and PDFs
In a reference frame in which the hadron has a high (infinite) momentum, a PDF is the momentum
distribution of the corresponding parton in a hadron in the units of hadron’s momentum. However, the
interpretation of PDFs is somewhat more complicated in the nucleus rest frame. We recall that in the
target rest frame the characteristic DIS time (or longitudinal distance) can be estimated as L ∼ (Mx)−1,
where M is the nucleon mass and x the Bjorken scaling variable [9]. Using L we identify two different
kinematical regions for nuclear effects. In the region L < d, where d is the average distance between
bound nucleons in a nucleus, i.e. for large values of x > 0.1, the nuclear DIS cross sections can
be approximated by incoherent scattering from bound protons and neutrons. The dominant nuclear
corrections in this region are due to energy-momentum distribution of bound nucleons (nuclear Fermi
motion and binding [10–13]) and also off-shell correction to bound nucleon structure functions [14].
In the region of small x < 0.1 one has to account for a scattering corrections from nuclear meson
fields [15, 16]. Also in the region L  d (or x  0.1) the propagation effects of virtual quark-gluon
states in the nuclear environment results in essential corrections to the impulse approximation. For
the leading contributions to the DIS structure functions the interference of multiple scattering terms
results in a negative correction (nuclear shadowing, for a review see, e.g., [17]).
We use the notation qa/h(x,Q2) for the distribution of (anti)quarks of the type a = u, u¯, d, d¯, . . . in
a hadron h. Following Ref.[7, 8] we write the nuclear PDF qa/A as (for brevity, we suppress explicit
dependencies on x and Q2)
qa/A = qIAa/A + q
coh
a/A + q
MEC
a/A , (1)
where the first term on the right side is the contribution from bound protons and neutrons in the
impulse approximation, and the other terms are the corrections to the impulse approximation due to
coherent nuclear interactions of the hadronic component of the virtual photon and to nuclear meson
exchange currents, respectively. These contributions are reviewed below.
2.1 Impulse approximation
In the impulse approximation the nuclear PDFs can be written as a convolution of the proton (neutron)
distribution of a nucleus with the corresponding parton distribution of a bound proton (neutron) [7,
14]:
qIAa/A =
∑
τ=p,n
fτ/A ⊗ qa/τ =
∑
τ=p,n
∫
x<y
dydp2
y
fτ/A(y, p2)qa/τ(x/y,Q2, p2). (2)
The nuclear convolution is an integration over both the nucleon light-cone momentum y and the
nucleon invariant mass (virtuality) p2, since PDFs of an off-shell nucleon generally depend on its
virtuality [14]. The proton (neutron) distribution function in a nucleus is given in terms of the nuclear
spectral function P (for brevity, we drop subscripts identifying the proton and the neutron distribu-
tions)
f (y, p2) =
∫
[dk]
(
1 +
kz
M
)
P(k, ε)δ
(
y − k0 + kz
M
)
δ
(
p2 − k2
)
, (3)
where the integration runs over the nucleon four-momentum k = (M + ε, k) and [dk] = dk0dk/(2pi)4
and k2 = k20 − k2 is the invariant mass of the off-shell nucleon. The coordinate system is such that the
momentum transfer is antiparallel to the z axis. The Bjorken variable of the nucleus is x = Q2/2Mq0
with q0 the energy transfer in the target rest frame.
We refer Eq.(2) as a generalized impulse approximation because it accounts for the dependence
of the nucleon PDF on the nucleon invariant mass p2, which is usually not addressed in various
versions of impulse approximation. A similar nuclear convolution equation but without off-shell
effect was earlier discussed in [12, 13, 18]. Note that Eqs.(2) and (3) were obtained starting from
a Lorentz-covariant approach and using a systematic expansion of matrix elements in series of the
small parameters p/M and ε/M, keeping terms of the order p2/M2 and ε/M [7, 14, 18]. To this order
a generalized nucleon distribution function (3) is given in terms of nonrelativistic spectral function
P(k, ε) =
∫
dt eiεt〈ψ†(k, t)ψ(k, 0)〉, (4)
where ψ(k, t) is the nonrelativistic nucleon operator in the momentum-time representation (for more
details see Ref.[7]). The spectral function describes the energy-momentum distribution of bound
nucleons. Note that ε in Eq.(4) includes the recoil kinetic energy of the residual system of A − 1
nucleons, as it can be seen after inserting a complete set of states and integrating over the time. 1
The proton (neutron) spectral function is normalized to the proton Z (neutron N) number, and
using Eq.(3) we explicitly verify that the proton (neutron) distribution function is normalized as∫
dydp2 fp(n)/A(y, p2) = Z(N), (5)
where the integral is taken over all possible light-cone momenta y and the nucleon virtuality p2. Note
that the term kz/M in Eq.(3) gives vanishing contribution to the normalization (5) due to symmetry
reason. The distribution function (3) is independent of Q2 in the Bjorken limit and the Q2 evolution
of the NPDFs in the impulse approximation is governed by the evolution of the PDFs of the corre-
sponding nuclear constituents. For the discussion of power corrections to the nuclear convolution (2)
we refer to Ref.[7, 19, 20] (see also [21] for spin-dependent DIS).
The first moment of the nucleon distribution in y gives the fraction of the nuclear light-cone
momentum carried by bound nucleons. The first moment in p2 gives average nucleon virtuality. It
will be convenient to discuss dimensionless virtuality v = (p2 − M2)/M2. We have
〈y〉N = 1A
∫
dydp2y f (y, p2) = 1 +
〈ε〉 + 23 〈T 〉
M
, (6)
〈v〉N = 1A
∫
dydp2v f (y, p2) = 2
〈ε〉 − 〈T 〉
M
, (7)
1Note that for the deuteron the spectral function is given in terms of the deuteron wave function as Pd = 2pi |Ψd(k)|2 δ(ε −
εd − k2/2M) with εd = −2.22 MeV the deuteron binding energy [7].
where we sum over protons and neutrons and 〈ε〉 and 〈T 〉 = 〈k2〉/2M are the nucleon energy and
kinetic energy integrated with the nuclear spectral function (4) per one nucleon. Note that 〈ε〉 − 〈T 〉 =
〈V〉 is the average nuclear potential energy per one nucleon. For the deuteron we can evaluate the
moments in Eqs.(6) and (7) using the deuteron wave function. For the Paris wave function we have
〈y〉N = 0.994 and 〈v〉N = −0.044. For 208Pb, using the nuclear spectral function from [7], we have
〈y〉N = 0.963 and 〈v〉N = −0.197. Note that 〈y〉N < 1 and 〈v〉N < 0 because of nuclear binding. The
inequality 〈y〉N < 1 indicates that the bound nucleons carry only a part of the full nuclear light-cone
momentum. In this approach the missing nuclear light-cone momentum is carried by the nuclear
meson degrees of freedom which are responsible for nuclear binding, as discussed in Sec.2.2.
In terms of the variable y, the distribution function f (y, p2) is peaked about y = 〈y〉N with a width
∼ pF/M with pF the nuclear Fermi momentum. In terms of dimensionless virtuality v, the distribution
f (y, p2) is located in a narrow region about v = 〈v〉.
Note that Eq.(2) predicts a finite nuclear PDF in the region x > 1, because of high momenta pz >
pF . The rate of NPDF in this region is driven by the high-momentum part of the nuclear momentum
distribution.2 In the applications discussed below we use a model spectral function, which includes
both a mean field contribution dominant at low energy and momentum, and a high-momentum and
high-energy component related to short range nucleon-nucleon correlations (SRC) [7]. In order to
address the effect of nonisoscalarity (nuclear neutron excess) we use the isoscalar P0 = Pp + Pn
and the isovector P1 = Pp − Pn combinations of the nuclear spectral function. We assume the
SRC contribution to be similar for the proton and the neutron nuclear distribution such that the SRC
term only contributes to the isoscalar spectral function P0 and that it cancels out in the isovector
combination P1. This behavior is supported by the observation of the dominance of pn SRC pairs in
nucleon knock-out experiments [25]. The isovector spectral function P1 is therefore calculated as the
difference between the mean-field contributions to the proton and the neutron spectral functions and
is proportional to the proton-neutron asymmetry β = (Z − N)/A [7].
In off-mass-shell region the PDFs explicitly depend on the nucleon virtuality as indicated in Eq.(2).
In order to address this effect we note that on average the nucleon virtuality v is small. We then expand
the off-shell PDF q(x,Q2, p2) in Eq.(2) about the on-shell value p2 = M2 in series in v [14]. Keeping
the leading terms we have [7, 8]:
q(x,Q2, p2) ≈ q(x,Q2)(1 + δ f (x,Q2)v), (8)
δ f (x,Q2) = ∂ ln q(x,Q2, p2)/∂ ln p2, (9)
where the derivative is evaluated at p2 = M2 and q(x,Q2) is the PDF of the on-shell nucleon. The
function δ f describes the relative off-shell modification of the nucleon PDF. This special nucleon
structure function does not contribute to the cross section of the physical nucleon, but it is relevant
only for the bound nucleon and describes its response to the interaction in a nucleus. The function
δ f was studied phenomenologically3 in an analysis of data on the nuclear DIS [7] (see Sec.2.4). This
analysis suggests a common off-shell function for the quark and antiquark distributions, independent
of Q2 and the parton type. This observation is supported by a recent QCD global analysis of proton
and deuteron data [36], as well as by the studies of the nuclear DY production of muon pair in Sec.3
and the W/Z boson production in p+Pb collisions in Sec.4.
2.2 Nuclear MEC correction
As it was noted in Sec.2.1 the nuclear binding effect causes 〈y〉N < 1. Apparently the missing nuclear
light-cone momentum should be carried by the fields responsible for nuclear binding [15]. The cor-
2Allowed region of nuclear Bjorken variable is 0 < x < MA/M, where MA is the mass of the nucleus.
3Nuclear DIS with off-shell effect was discussed in a number of different approaches [14, 22–24].
rection from the nuclear virtual meson cloud was discussed in the context of the nuclear EMC effect
in a number of papers [15, 16, 26–30]. These studies indicate an enhancement of the nuclear structure
functions in the region 0.05 < x < 0.15 due to nuclear meson cloud. However, the results of specific
calculation are somewhat uncertain due to sensitivity to the details of the pion-nucleon form-factor,
the treatment of the particle-hole nuclear excitations in intermediate state as well as the ∆-resonance
degrees of freedom.
Here we briefly review the approach followed in Ref.[7, 8, 18] and consider constraints on the
common nuclear meson cloud coming from the nuclear light-cone momentum sum rule together with
the meson contribution to the nuclear potential energy. We write the MEC correction in a convolution
form similar to Eq.(2):
qMECa/A =
∑
m=pi,ρ,...
fm/A ⊗ qa/m (10)
where fm/A(y, k2) is the nuclear distribution function of a meson type m over light-cone momentum
y and invariant mass k2 and qa/m is corresponding PDF in a virtual meson m with invariant mass k2.
The meson distribution function fm is driven by the imaginary part of the full meson propagator in a
nucleus.
For simplicity we will discuss the isoscalar part of qMECa/A assuming the meson PDFs qa/m to be
independent from the meson type and equal to the corresponding pion PDF. We also neglect possi-
ble off-shell dependence of qa/m. This will allow us to discuss the light-cone distribution function
corresponding to the sum over all mesons fM(y) =
∑
m
∫
dk2 fm(y, k2).
The nuclear light-cone momentum is shared between the nucleons and mesons and the corre-
sponding balance equation can be written as [18]
〈y〉M + 〈y〉N = MAAM , (11)
Note the ratio of the nucleus mass MA = A(M + εB), where εB is the nuclear binding energy per
nucleon, and the nucleon mass M in Eq.(11). This ratio appears because of the definition of the
light-cone momentum y and the nuclear Bjorken variable x involves the nucleon mass M.
To further constrain the meson distribution, we consider a model nuclear Hamiltonian in effective
meson-nucleon theory. Using equations of motion for interacting mesons and nucleons it was possible
to obtain a relation [7, 8, 18]
3〈y〉M +
m2M
M2
〈y−1〉M = −〈V〉M , (12)
where 〈y〉M and 〈y−1〉M are the moments of the nuclear meson distribution function, m2M is an average
meson mass squared, and 〈V〉 is the average nuclear potential energy (see Eq.(7) and the discussion
thereafter). Note that Eq.(12) was obtained in static approximation neglecting the contribution from
the terms with time derivatives of meson fields (this is justified by the fact that a typical energy transfer
in the nucleon–nucleon interaction in the nuclear ground state is much smaller than corresponding
momentum transfer). If only the pion contribution is considered, then m2M = m
2
pi and 〈V〉 corresponds
to the pion contribution to the nuclear potential energy.
It is important to note that Eqs.(11) and (12) allow us to overall constrain the nuclear meson dis-
tribution function in terms of average nucleon separation and kinetic energy 〈ε〉 and 〈T 〉. In particular,
for the deuteron with the Paris wave function we have 〈y〉M = 0.0045 and 〈y−1〉M = 0.390, while for
the 208Pb nucleus we have 0.029 and 0.543, respectively.
In applications discussed below we consider a model meson distribution function which obeys the
constraints discussed above. Following Ref.[7, 18] we assume fM/A(y) to scale as y as y→ 0. We also
recall that large values of y are driven by configurations with k0 and kz comparable to or exceeding
the nucleon mass M. We assume that such configurations are suppressed in nonrelativistic nuclei and
consider the meson distribution in the region 0 < y < 1 and use the following model
fM/A(y) = c y(1 − y)n. (13)
The parameters c and n depend on the specific nucleus and fixed from 〈y〉M and 〈y−1〉M calculated by
Eqs.(11) and (12).
2.3 Correction from nuclear coherent processes
In the region of small x the DIS correlation length L exceeds typical distances between bound nucleons
and intermediate quark-gluon states may develop multiple scattering interactions while propagating
in nuclear environment. To the leading order this effect results in a negative correction known as the
nuclear shadowing effect (for a review, see Ref.[17]).
In order to address this effect, in Ref.[7] we assume that the set of intermediate hadronic states
can be approximated by a single effective state and describe its interaction with the nucleon by an
effective scattering amplitude a. The rate of the contribution to DIS cross section is driven by Im a.
This amplitude depends on the type of the PDF and differ for the proton and the neutron.
It is convenient to discuss nuclear effects in terms of the ratio Ri/A = qi/A/(Zqi/p + Nqi/n) for
the given PDF type i. Using the optical theorem this ratio can be written in terms of effective cross
sections, or the imaginary part of the effective amplitudes in the forward direction
δcohRi/A = ImAi/(Z Im aip + N Im ain), (14)
where Ai is the nuclear amplitude which describes propagation of intermediate states correspond-
ing to PDF of type i in a nucleus, and aip and ain are corresponding proton and neutron amplitudes,
respectively. We compute the amplitude A in terms of the Glauber-Gribov multiple-scattering se-
ries [31, 32]. Note that the multiple-scattering series start from the double-scattering term, as the
single-scattering term is already accounted in the impulse approximation of Eq.(2). For more detail
discussion ofA see Ref.[7, 8].
To have a closer link to the DIS structure functions, it is convenient to discuss the combinations
of PDFs with definite C-parity, q±i = qi ± q¯i. Let a±ip and a±in be the corresponding proton and neutron
effective amplitudes. For the u and d (anti)quark distributions we also consider the combinations with
definite isospin I = 0, 1 and C parity qCI , i.e. q
±
0 = u
± + d± and q±1 = u
± − d±.
We separate the isoscalar and the isovector contributions in A assuming the isospin symmetry
for the scattering off protons and neutrons, i.e. aup = adn and adp = aun, and write the amplitudes
as aup = a0 + 12a1 and adp = a0 − 12a1, where a0 and a1 are the isoscalar and isovector amplitudes,
respectively. To the first order in β = (Z − N)/A we have [34]
Au,d = A(a0) ± β2a1A
′(a0), (15)
where the sign +− should be taken for the u and d quark, respectively, and A′ = ∂A/∂a. The first
and the second terms in Eq.(15) drive the corrections to the isoscalar q0 and the isovector q1 quark
distribution, respectively.
Let us consider first the isoscalar I = 0 case. For the nuclear corrections for the C-even and C-odd
quark distributions we have
δR+0 = ImA(a+0 )/(A Im a+0 ), (16a)
δR−0 = Im[a
−
0A′(a+0 )]/(A Im a−0 ), (16b)
where a±0 are the I
C = 0± amplitudes. We note that Eqs.(16) are obtained by treating the C-odd
amplitude as a small parameter and expanding the difference between the quark and antiquark nuclear
amplitudes in series of a−0 to the order (a
−
0 )
2 [34]. The effective expansion parameter in Eqs.(16) is the
ratio of the amplitudes a−0 /a
+
0 . The smallness of this parameter can be justified within the Regge pole
model of high-energy scattering amplitudes.
The nuclear corrections in the isovector term I = 1 can be calculated similarly to the isoscalar
case discussed above. We consider 1± channels and expand the corresponding nuclear amplitude in
series of a−0 . To the leading order we have
δR±1 = β Im
[
a±1A′(a+0 )
]
/(A Im a±1 ), (17)
where the superscript + and − corresponds to the channel 1+ and 1−, respectively. In the derivation
of Eq.(17) we drop the terms of order a±1a
−
0 . Note in this context that the effective amplitudes a
±
1 and
a−0 are generally significantly smaller than the leading amplitude a
+
0 , which drives multiple scattering
corrections for all PDFs, as it can be seen from Eqs.(16) and (17). Furthermore, in the considered
approximation the ratio δR−0 as well as the ratios δR
±
1 are independent of the effective cross sections in
the corresponding channels and depend only on α = Re a/ Im a of corresponding amplitude.
The individual corrections for u and d quarks and antiquarks can be derived from δR±0,1 ratios. For
more detail see Ref.[8].
2.4 Discussion and comparison with data
A detailed analysis of data on the ratios of DIS structure functions R(A/A′) = FA2 /F
A′
2 for different
nuclei was carried out in Ref.[7] in the context of the described model. The analysis included data with
Q2 ≥ 1 GeV2 for the full region of Bjorken x from CERN, FNAL and SLAC available before 1997
(see Table 1 in Ref.[7]). The ratio R(A/A′) was computed including nuclear corrections discussed
above. Also the target mass [37] and the higher-twist corrections [38] were applied to the structure
functions. The predictions were then compared with data by evaluating χ2 as discussed in Ref.[7].
The function δ f , which determines off-shell correction (see Eq.(9)), and also the effective am-
plitude a+0 , which drives coherent nuclear corrections for the structure function F2 at small x, were
determined phenomenologically from this analysis. The function δ f was assumed universal, i.e. same
for quark and antiquark PDFs independent of flavor, and also independent of scale Q2, δ f = δ f (x).
We model δ f (x) as a third-order polynomial and extract parameters from analysis of R(A/A′). The
effective amplitude a+0 is the subject of several constraints. In the region of low Q
2 < 1 GeV2 the am-
plitude a+0 is constrained by vector meson dominance model [33].
4 Also in the region Q2 > 10 GeV2
the amplitude a+0 and the function δ f are linked by the normalization condition on the nuclear valence
quark distribution. The latter is used to determine the leading twist part of the amplitude a+0 [7, 8].
The available nuclear DIS data at small x constrains the effective amplitude a+0 in a region which
is transitional between fully nonperturbative region of Q2 < 1 GeV2 and the region Q2 > 10 GeV2,
which is driven by the leading twist contribution [7].
The results reported in Ref.[7] show an accurate description of the measured dependencies on x,
Q2 and the nuclear mass number A in the full kinematical region of data. The predictions of Ref.[7]
were further verified [35] with the recent nuclear DIS data from HERA [47] and JLab [46]. Figure 1
summarizes the data on R(A/D) from 4He to 208Pb together with the model calculations.
We would like to remark that in some cases the data points from different experiments are not
fully consistent. In particular, the central points of 12C/D and 40Ca/D ratios from E665 experiment
4Although this region was excluded from our fit, it was used to verify the predictions of Ref.[7].
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Figure 1. Summary of data on the ratio FA2 /F
D
2 for various nuclei from the measurements at CERN [39–
43], SLAC [44], FNAL [45], JLab [46] and DESY [47]. The error bars represent the statistical and systematic
uncertainties added in quadrature. The dots connected by the solid line are the predictions of Ref.[7] computed
for the published values of (x,Q2) of each data point (the wiggles are caused by Q2 dependence and different
values of Q2 from different experiments). We use a logarithmic scale for x < 0.1 and a linear scale for x > 0.1
for a better display of both the small x and the large x regions.
[45] at low x are systematically above the corresponding NMC measurements, which have smaller
uncertainties. Similarly, a normalization problem could be present for the E665 208Pb/D data. How-
ever, the double ratios (40Ca/D)/(12C/D) and (208Pb/D)/(12C/D) of the E665 measurement are in good
agreement with the NMC data [41] as well as with our predictions. Also the central points of 4He/D,
9Be/D and 12C/D ratios reported in Ref.[46] are systematically above the corresponding E139 [44]
and NMC [39, 40] results for x > 0.3.5 However, the slopes of the measured ratios for x > 0.2 seems
to be in a good agreement for all experiments. We also comment that the analysis of Ref.[35] indicates
that a common renormalization factor of 0.98 applied to the data points of Ref.[46] leads to a perfect
statistical agreement of the discussed data sets.
In Fig.2 we show nuclear effects on different PDFs computed for 208Pb at Q2 = 16 GeV2 following
Ref.[8]. The labels on the curves show different nuclear corrections included in turn: smearing with
nuclear spectral function (Fermi motion and binding, or FMB), off-shell correction (OS), nuclear
shadowing (NS), meson exchange currents (MEC).
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Figure 2. The ratio Ri = qi/A/(Zqi/p + Nqi/n) computed for various combinations of parton distributions for the
lead nucleus at fixed Q2 = 16 GeV2. The left panel shows different nuclear corrections for q+0 = u+ d + u¯+ d¯, the
middle panel is for q−0 = u + d − u¯ − d¯, while the right panel is for antiquark distribution u¯ + d¯.
Note that different nuclear effects outlined above are relevant in different regions of Bjorken x, as
it can be seen from Fig.2. In the region of large x > 0.2 the leading correction is due to smearing
with the nuclear spectral function. The off-shell correction is also relevant in this region. The nuclear
MEC correction is relevant for x < 0.2 while at small x  0.1 the nuclear effects are dominated
by multiple scattering of virtually produced quark-gluon intermediate states. Note also an interplay
between different nuclear corrections on the antiquark distribution leading to a strong cancelation of
nuclear effects in an intermediate region of x. The implication of this observation will be discussed
in more detail in Sec.3 in the context of the measurement of nuclear sea-quark distribution in the
Drell-Yan experiments.
We also remark that different nuclear effects are related through a number of sum rules which
are driven by global symmetries. In particular, the conservation of the valence quark number links
together the off-shell and the shadowing corrections to the valence quark distributions. The normal-
ization conditions for the nuclear isoscalar q−0 and the isovector q
−
1 valence quark distributions were
used in this analysis to constrain the unknown amplitudes a−0 and a
−
1 controlling the nuclear correction
in the small x region [8]. The conservation of the nuclear light-cone momentum causes the corre-
sponding sum rule at two different levels. At the hadronic level, the nuclear light-cone momentum is
shared between nucleons and mesons (see Eq.(11)), which allows us to constrain the MEC correction
5Similarly, about 3% mismatch in the normalization of data points from HERMES and JLab measurements is present for
3He/D ratio.
to NPDFs. At the partonic level, the light-cone momentum is balanced between quarks, antiquarks
and gluons. The study of different contributions to the light-cone momentum sum rule can provide
insights on modification of gluon distribution in nuclei.
3 Nuclear Drell-Yan process
The reaction of muon pair production in hadron-hadron collisions (Drell-Yan process) is an important
source of information on the proton, pion and nuclear PDFs [48]. In the context of NPDFs, the use
of DY data in combination with DIS data allows a separation of the nuclear valence and sea quark
distributions. In the DY reaction with the proton beam by tuning the kinematics of the muon pair one
can select a region in which the DY cross sections are driven by annihilation of valence quarks in the
beam and antiquarks in the target. Then the ratio of the p+A DY cross sections off different nuclear
targets provide a tool to measure the nuclear dependence of antiquark PDFs
σDYA
σDYB
≈ u¯A(xT ,Q
2) + d¯A(xT ,Q2)
u¯B(xT ,Q2) + d¯B(xT ,Q2)
, (18)
where xT is the Bjorken variable of a nuclear target and Q is the mass of the lepton pair.
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Figure 3. Ratio of the DY reaction cross sections for different nuclei vs. xT . Data points are from the E772
experiment [49] (full squares) and E866 experiment [50] (open squares). Note that the ratio is normalized to one
bound nucleon and taken relative to the deuteron for E772 and 9Be for E866. The curves are the predictions of
Ref.[8] for the deuteron (green) and beryllium (red) ratios with (full line) and without (dashed line) the projectile
energy loss effect (see text and legend).
This ratio was measured in the experiments E772 [49] and E866 [50] with the proton beam mo-
mentum 800 GeV/c at Fermilab in the region xT < 0.15 for a number of nuclear targets. Note that
the scale Q2 is determined by the dimuon mass and Q2 > 16 GeV2 in [49], which is significantly
higher than the corresponding scale from the fixed-target nuclear DIS in the sea region. In contrast
to DIS, the data on DY nuclear ratios show no antishadowing (i.e. enhancement of nuclear antiquark
distributions) at xT ∼ 0.1 that was a long standing puzzle since the nuclear binding should result
in an excess of nuclear mesons, which is expected to produce a marked enhancement in the nuclear
anti-quark distributions [51].
In Fig.3 we show the data along with our predictions on the ratios of the DY cross sections [8].
Note that, as it can be seen from Fig.2, various nuclear corrections to the antiquark distribution tend
to cancel each other in the region 0.1 < xT < 0.4, in agreement with data on the nuclear DY process.
We also remark that nuclear dependence of the DY process comes from two different sources: (i) the
nuclear effects on the bound nucleon PDFs, and (ii) the initial state interaction of the projectile parton
in nuclear environment that causes the parton energy loss [52] before annihilation into a dimuon pair.
The rate of this effect is characterized by the parton energy loss in a nucleus per unit length E′ and
effectively results in a change of the projectile parton Bjorken x [53] which in turn affects the ratio in
Eq.(18).
The data from the E866 experiment is located at somewhat lower values of target’s xT and higher
values of projectile’s xB with respect to the E772 data thus falling into a region where both the shad-
owing and the energy loss effects become more prominent. The analysis of Ref.[8] indicates that
the model is in a good agreement with data at a moderate energy loss effect of order of 1 GeV/fm.
The solid curves in Fig.3 show our predictions with E′ = 0.7 GeV/fm. Note also that the cross sec-
tion ratios are taken relative to the deuterium for E772 and beryllium for E866. For this reason the
corresponding curves in Fig.3 are not identical in the overlap region.
4 Production of W± and Z bosons in p+Pb collisions at LHC
A study of the W± and Z0 boson production cross sections in p+Pb collisions with
√
s = 5.02 TeV
at the LHC was performed in Ref.[54] in terms of the NPDF model of Ref.[8]. Figure 4 shows the
results of calculation of the production cross sections as a function of the vector boson rapidity y in
comparison with recent CMS data [55, 56].6 Similar comparison with preliminary ATLAS data can
be found in Ref.[54]. We found an excellent agreement between the theoretical predictions based
on discussed NPDF model and the measured observables in the entire kinematic range accessible by
the experiments. In particular, the model correctly describes the magnitude and the shape of rapidity
distributions as well as the difference between W+ and W− boson distributions (flavor dependence).
This study clearly indicates the presence of nuclear modifications on the W/Z boson production
cross sections with respect to the case of p+p collisions. The corresponding nuclear effect is illustrated
in the lower panels of Fig.4, in which we show the ratio of the result of the full calculation to that
without nuclear corrections. In this study we use the ABMP15NNLO proton PDFs of Ref.[57]. For
comparison we also show the results obtained with CT10NLO proton PDFs [58] with phenomenolog-
ical nuclear corrections of Ref.[4].
6Experimentally, it is easier to measure the pseudorapidity of the charged lepton originated from the W boson decay, ηl,
rather than the W boson rapidity y. The two variables are correlated and provide similar insights on the parton distributions.
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Figure 4. Top panels: differential cross sections for W+ (left), W− (middle), and Z0 (right) production in p+Pb
collisions at
√
sNN = 5.02 TeV, as a function of (pseudo)rapidity. The data points indicate the CMS mea-
surements [55, 56], while the curves show the predictions based on different models: ABMP15+KP (solid),
CT10+EPS09 (dashed-dotted), and ABMP15 without nuclear modifications (dashed). Bottom panels: ratios of
the data points and the model predictions shown in the top panels with respect to the result obtained without
nuclear modifications (ABMP15). For more details see Ref.[54].
In order to illuminate the link between the nuclear correction on the rapidity distributions and
those on the PDFs, we recall that in the leading order we have7
dσW
+
/dy ∝ d¯p(xp)uA(xA) + up(xp)d¯A(xA), (19)
dσW
−
/dy ∝ u¯p(xp)dA(xA) + dp(xp)u¯A(xA), (20)
xp = x0 exp(y), xA = x0 exp(−y), (21)
where xp and xA are the Bjorken variables for the proton and the nucleus, respectively, and x0 =
MW/
√
s corresponds to the central rapidity y = 0. At
√
s = 5.02 TeV we have x0 = 0.016. Thus
at y > 0 the rapidity distributions are determined by small-xA region in a nucleus and subject to nu-
clear shadowing correction. Indeed, the lower panels in Fig.4 show a clear suppression of p+A cross
sections in this region. Note also that in this region the production of the W+ and W− is respectively
driven by the u and d quarks in the proton. This explains a higher magnitude of W+ boson production
rate and also the different shape of W− and W+ boson rapidity distribution. The full nuclear correction
on the vector boson production in p+Pb collisions is the result of an interplay of the various mech-
anisms discussed in Sec.2. It is interesting to note that in the backward rapidity region (y < 0) the
off-shell correction plays an important role.
Finally, it is worth noting that the precision currently achieved by the LHC experiments with p+Pb
and Pb+Pb collisions starts to be sensitive to the predicted nuclear corrections. A further improvement
of the accuracy of future data would be extremely valuable in this context since it could provide a tool
to disentangle the effect of different underlying mechanisms responsible for the nuclear modifications
of PDFs and to study their flavor dependence.
7This discussion aims to clarify a link between W boson rapidity distributions and PDFs. The calculation of Ref.[54] was
performed with the full account of NLO corrections.
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